Dwarf-colony (D) variants of Staphylococcus aureus are relatively widespread etiological agents of bovine mastitis in Israel. D strains grow on ordinary solid nutrient media with pinpoint, transparent colonies. An epidemiological study indicated that these variants are more communicable than normal (N) S. aureus strains. Biochemically, several types of metabolic defects have been demonstrated among the D strains: strains from one herd were pantothenate-less, most of the other isolates were thiamine-less, and a few of them were both thiamineand pantothenate-less. Among the thiamineauxotrophs were a few (from one herd) which were unable to concentrate thiamine-thiazole, whereas all of the other strains required thiamine-pyrimidine (HMP) in the form of pyrophosphate (HMP-PP). At least some of these D strains were defective in three functions: concentrative uptake of HMP, phosphorylation of HMP, and phosphorylation of HMP-monophosphate. Since mutants with normal growth occurred readily, we assumed that the information for these three functions exists on a polycistronic operon. Quantitative requirements for HMP-PP varied highly among the D strains, and other data also indicated that HMP-PP-requiring strains had not developed from a common source.
Dwarf-colony variants of Staphylococcus aureus (D forms) are strains which grow with transparent, pinpoint colonies on the nutrient media in general use (nutrient agar, tryptose phosphate agar, blood agar, etc.). More than 10 years ago, such variants were isolated in Israel as the etiological agent in bovine mastitis (8) .
No report from other countries of D strain staphylococci has appeared in connection with bovine mastitis, but such strains have been isolated a few times from closed purulent lesions in man. These human strains exhibited normal growth when incubated under elevated carbon dioxide tension (5, 11, 16) .
A central problem for the understanding of the epidemiology of D form mastitis is whether they all originate from a single strain of high communicability which, in the course of time, has become more and more widespread in Israeli herds or, alternatively, whether foci of D strain infections have developed independently in different places. In the latter case, any particular local ecological factor must give these strains a competitive advantage in infections of the bovine mammary gland.
A study of the metabolic defect leading to growth inhibition of D strains showed that all of these strains from one of the infected herds were pantothenate-less, though they were apparently dissimilar in other respects (14) . Strains from other herds were thiamine (Th)-less, and these could be divided into those which did not concentrate the thiazole moiety of Th and those unable to phosphorylate the pyrimidine portion (HMP) of this vitamin (13) . The first of these groups occurred in only a single herd and is represented in the present study by a single strain (D 1560). Tsubota (17) has postulated that Th-HMP is phosphorylated by S. aureus in two separate steps: HMP ATP. Mg2+* HMP-P ATP,Mg ' HMP-pyrophosphate. In our previ-SOMPOLINSKY, COHEN, AND ZIV of interest to elucidate whether all strains with this defect were epidemiologically identical. To this end, the strains were examined for susceptibility to antibiotics and typing phages, and their metabolic defect(s) was studied in some detail.
MATERIALS AND METHODS Bacterial strains. All D strains examined were isolated from mastitic bovine milk as described (14) . For the sake of comparison, a few normal (N) staphylococcal strains were also studied, i.e., either wild strains isolated from herds with D strain infections or N mutants of D strains. N mutants were easily obtained from all D strains examined by transfer from a Th-rich to a Th-poor nutrient agar medium (BH 9-7) (see below). The latter medium was inoculated with 105 washed bacteria and grew a continuous lawn of D colonies from which, after a few days, several large, pigmented, typical staphylococcal colonies developed. For a few of the strains, the mutation rates D -N were determined as ranging between 10-10 and 10-9 per bacterium per division (Z. Ernst-Geller, M. Sc. thesis, Bar Ilan Univ., Ramat-Gan, Israel, 1967).
In strains from Dobrath-herd with two metabolic defects (Th-less and pantothenate-less), as will be explained under Results, mutants with only one defect and, subsequently, N mutants were also easily obtainable.
Media and solutions. Brain Heart Infusion agar (Difco Laboratories, Detroit, Mich.), adjusted to pH 9.0 with N NaOH, was autoclaved and neutralized with the same amount of N HCl. This medium (BH 9-7) was used as solid medium poor in Th. Vitaminfree Casamino Acids agar (CVF) was prepared as indicated (14) . A similarly composed fluid medium (CVFB) was also prepared. In the vitamin-free Casamino Acids, thoroughly purified with active carbon (4), we were unable to demonstrate Th by stimulation of growth of D staphylococci. It seemed also free of biologically active Th-thiazole (Tz), but it contained a just-demonstrable trace of HMP. CVF and CVFB were routinely supplemented with biotin (1 mg/liter), nicotinic acid (10 mg/liter), and L-cysteine (10 mg/ liter). The addition of Th, Tz, and HMP will be detailed under Results. Susceptibility to dihydrostreptomycin (Sm) was examined on nutrient agar (Difco) supplemented with 1 mg of Th per liter. For susceptibility to sulfathiazole, CVF with 1 ug of the drug per ml was used. Penicillinase production was examined on nutrient agar plus 0.3% soluble starch (10) . For phage typing, we used Casitone agar (12) with 1 mg of Th per liter. Uptake of Th and HMP was examined with bacteria suspended in CVFB or in uptake buffer (UB) composed of: 0.075 M NaCl, 0.020 M MgCl,, 0.020 M tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.2. Phage typing. The phage-typing technique was described previously (12) . Both the common international set of typing phages and the following special set of phages for veterinary strains (3) Leder (6) . The product was obtained in fractions from an H+ Dowex column (1 x 8-50). Each fraction was spotted on paper and examined for absorption of ultraviolet light. The positive fractions were lyophilized, again solved in a small portion of water, filtered, and added to a large amount of cold ethanol and ether. The crystals obtained were washed in several portions of cold ethanol and ether. The material obtained was kept in a desiccator until used.
The product obtained in this way enabled growth of the normal strain N 551 on CVF + Tz but not on CVF without Tz. Its absorption was identical with that of HMP (Takeda Chemical Industries Ltd., Osaka, Japan). By thin-layer chromatography on cellulose (CEF, Riedle de Ha-n) with acetone-50% acetic acid pliters of the supernatant fluid was chromatographed in ascending direction on Whatman no. 42 paper with acetone-acetic acid as solvent. The paper was cut and examined as indicated (15) . Control experiments showed that, after heating as above, 13 to 16% of the radioactivity still remained in the bacterial sediment. Decomposition of HMP-P and HMP-PP by this treatment was studied by chromatography of samples of HMP-PP and HMP-P before and after heating for 5 min at 90 C. The chromatograms were extracted with 0.1 N HCl at the zones adsorbing ultraviolet light and corresponding to the spots of HMP, HMP-P, and HMP-PP, and the concentration of the pyrimidine compounds was determined by light absorption at 245 nm. After heating, 20% of HMP-PP in the extracts was converted into HMP-P and HMP, and 15% of HMP-P was converted into HMP.
Chemicals. Thiamine chloride hydrochloride was obtained from Sigma Chemical Co., St. Louis, Mo., and calcium pantothenate was obtained from [ 3H]HMP (G), 33.3 Ci/mol, was tritiated by Uri Buchman, Atomic Energy Commission, Nuclear Research Center, Negev, Israel. This product was chromatographically pure, had an absorption spectrum identical to unlabeled HMP, and stimulated growth of normal staphylococci (N 551) on CVF with, but not without, Tz.
RESULTS
Epidemiology of D strain infections. Data on the distribution of D strain-infected herds gathered from field surveys and from the examination of slaughtered dairy cows were in good agreement, disclosing predominance of these infections in herds along the Mediterranean coast. Figure 1 shows the location of dairy herds in three neighboring villages. About 40 herds were under a mastitis control program, and D strains were isolated from nine of them. The first four infected herds were detected during a period of 3 months, but the occurrence was of a sporadic character with one herd found infected in each of two villages and two herds in the third one. The same picture was obtained for the subsequent spread of the infection, as observed during the next 3 years.
In the infected herds, D staphylococci seemed significantly more contagious than normal S. aureus strains. Table 1 shows that the new infection rates per 100 cows per month varied between 1.55 and 2.46 in three herds in which D strains were prevalent, whereas they were 0.10 to 0.80 (mean 0.36) in 19 herds of comparable size with infections caused by normal S. aureus. In the three herds with D strain infections, spread was more active than that of N infections (Table 2) .
Phage patterns. More than 60 strains from 19 herds were examined for phage patterns (Table 3 ). All strains from the first 12 (13), and its normal mutant (N 1560) had a related phage susceptibility. The normal mutant of D 551 and a wild N strain (N 669) from another herd showed the same patterns as D strains from the same herds, whereas the wild strain N 2387 and the normal strains from the herds Pekelman, Saad, and Agronow had patterns distinct from those of D strains from these herds. Strain D 292 from Agronow presented a phage pattem distinguishing it from other D strains found in the same herd.
In conclusion, these results show several distinct phage patterns for D strain S. aureus from bovine mastitis in Israel. It should, however, be emphasized that S. aureus, and particularly veterinary strains, are often lysogenic (7); lysogeny with different temperate phages might very well have caused the variations in phage patterns (12 Growth stimulation by Th, HMP, and phosphorylated derivatives of HMP. Table 5 shows that all of the examined D strains were stimulated by 3 nmol of Th. The strain D 1560 was not included in the table since its growth requirement has been described earlier (13) . The growth of none of the D strains shown in the table was stimulated on CVF by HMP or HMP-P. The amounts of HMP tested (100 nmol) was 33 equivalents of the amount of Th which stimulated growth. HMP-P was tested routinely, with 16 nmol per plate. Several of the strains were also examined with 1,000 nmol of HMP (D 551
Although the D strains thus examined were uniform in being stimulated by HMP-PP only, they varied greatly in the quantitative require- (Table 7) . These variations seem therefore to be independent of the metabolic defect leading to "dwarfness"; they may reflect variability in the Th economy of different strains (15) or possibly variations in a common factor required for transport of Th and HMP-PP (and HMP). It should be emphasized that our quantitation of the HMP-PP requirement was probably not even semiquantitative, since the HMP-PP may have been degraded to a high degree before it was taken up by the bacteria. This could, perhaps, explain why the D strains shown in Table 7 needed 10 times more HMP-PP than Th, whereas these requirements were equimolar for N 551.
Summarizing this part of the study, it should be emphasized that all of the D strains defective in HMP-phosphorylation were similar as far as their growth was stimulated only by HMP-PP. They were therefore all defective in the HMP-P kinase or, alternatively, only HMP-PP, and neither HMP nor HMP-P could penetrate the membranes of these cocci. Some of the strains were also defective in biosynthesis of pantothenate, and quantitative requirements for HMP-PP varied widely among the D strains studied. (Fig. 4) . If Phosphorylation of Th and HMP. (Fig. 6) ; after 2 h, the intracellular level of HMP was higher than that measured for N 551 in Fig. 5 , but still none of the phosphorylated fractions were detected. These results indicate that transmembranal transport of HMP in S. aureus is concentrative and independent of phosphorylation, which occurs intracellularly soon after entrance. This is perhaps best demonstrated by a comparison with Th which is probably concentrated by phosphorylation (Fig. 7 Table 5 .
b+ CaP, Performed on CVF supplemented with calcium pantothenate.
Quintities are Among the D strains observed so far, three from one herd had an unidentified defect, whereas strains from another herd were pantothenate-less (14) and all the others were Th-less. The latter group contained strains from one herd, which were unable to concentrate Tz, and all others were Th-less D strains, which were unable to phosphorylate HMP-P and probably also unable to concentrate and phosphorylate HMP. Some of the strains from one herd (Dobrath) were both Th-less and pantothenateless; it is not impossible that all strains from this herd were initially double defective, but since our attention to media, as BH 9-7. However, even the large group of HMP-PP auxotrophs was probably not homogeneous from an epidemiological point of view; the mastitis infections occurred sporadically and did not seem to be spread from one herd to another, the strains were not homogeneous in patterns of phage susceptibility and antibiogram, and we observed significant variations in their quantitative requirements for HMP-PP, variations which probably reflect differences in the Th-economy of the strains (15) . It seems, therefore, that for some reason that hitherto has escaped attention, D strains arise relatively frequently in staphylococcal populations in Israeli dairy herds and that they compete successfully with normal staphylococci in these environments (Tables 1 and 2) .
At least some of the strains were defective in more than one function, but nevertheless normal mutants were easily obtained. These facts might indicate that the cistrons for uptake of HMP and phosphorylation of HMP and HMP-P are located on a single operon. A nonsense or frame-shift mutation on the proximal cistron might disturb translation of the two others. In gram-negative bacteria, polycystronic operons have been described with a certain penetrance of translation of distal cistrons in the case of proximal repression or nonsense mutations (18) . In these cases, the noncoordinate translation is probably due to an additional distal promotor (2, 9) . In the case of D 551, at least, we obtained no evidence for the slightest activity in any of the extinct functions.
The existence of the hypothetical operon composed of the above three cistrons would indicate that HMP is concentrated by a specific transport system and neither by a general pyrimidine-uptake mechanism nor by the Thtransport system. The latter possibility seems also unlikely for two additional reasons. Thtranslocation seems intimately connected with pyro-phosphorylation (Fig. 7) , and D strains impaired in the ability to concentrate HMP behave normally in respect to uptake of Th. The existence of a specific cellular mechanism for concentration of Th-pyrimidine is, however, remarkable since free HMP probably does not exist in the ecosphere of S. aureus.
On the other hand, the selection of bacterial strains defective in uptake is easier to imagine than the selection of strains unable to phosphorylate HMP and HMP-P. Any antibacterial drug with a molecular conformation similar to that of HMP might create a selective pressure of advantage to uptake-deficient individuals in the bacterial population.
